Introduction
A great deal of interest in merging different physical and biochemical microunit operations on a single microchip has motivated many scientists for more than a decade. These integrated functional microunits, called micro-total analysis systems (μ-TAS) or labs-on-a-chip, has gained substantial research momentum primarily for their potential to enhance analytical performance. The advantages include having a small volume of reagent and sample consumption, a minute diffusion distance that significantly decreases the reaction time, and the capability to combine the multistep operations on a single microfluidic device. [1] [2] [3] [4] These attributes complement the necessary bioanalytical tools for genomics, proteomics, drug screenings and clinical diagnostics. However, working with these bioanalytical microsystems requires fluid manipulation at the microscopic level, which is the most basic operation in a microfluidic device. The mode of pumping used to transport liquid into the microchannel is a direct consequence of the microchannel design and dimensions and of the wettability of the material used for fabrication. There are a lot of studies using continuous flow micropumps to deliver microliter to nanoliter amounts of solution with precise flow rates into the microchannels. 5 Recently, simple non-mechanical microfluidic manipulations are being implemented on a microchip. Duffy et al. demonstrated the use of centrifugal force to manipulate a liquid in the microscopic channel of a poly(methylmethacrylate) disk. 6 Meanwhile, Randall et al. displayed a clever fluid operation on a PDMS-based microchannel by using a permeation-driven flow, wherein a significant hydrodynamic flow is fashioned by penetration of fluid through the microchannel walls. 7 Additionally, the passive microfluidics using an air-evacuated PDMS as a suction pump reported by Hosokawa et al. exploited the high solubility and rapid diffusion of air in PDMS to generate a fluid flow in the microchannel. 8 Moreover, the capillary pumps elegantly depicted by Zimmermann et al. take advantage of the capillary force implemented on a silicon microchip, wherein the interplay between the capillary pump and the flow restriction microchannel played an important role. 9 The above mentioned reports are some of the simplest and most impressive fluid handling techniques, which work in their respective microfluidic devices with great consideration on the overall microchannel design and the wettability of material used for fabrication. However, the complexity and cost of fabrication is something that still needs to be dealt with.
Here, the facile "drop-and-sip" fluid handling technique implemented on a capillary-assembled microchip (CAs-CHIP) system ( Fig. 1) The experimental conditions of the sample delivery inside the reagent-release capillary-based capillary-assembled microchip (RRC-based CAs-CHIP) were optimized and the reagent release procedure in the RRC is discussed. Recently, our group introduced the basic concept of the "drop-and-sip" fluid handling technique (Anal. Chem., 2007, 79, 908). A microliter volume of sample solution is dropped on the inlet hole and is sipped into another hole, producing a sample plug flow in the main poly(dimethyl siloxane) (PDMS) channel, concurrently filling each sensing capillary that faces the main PDMS channel. However, the detailed evaluation of the successful sample delivery condition and the reagent release behavior in the RRC has not been fully discussed. Under our experimental conditions, ca. 0.6 -2.4 s of sample plug-RRC contact time allowed the successful sample introduction into the RRC by capillary force without any reagent leakage or disturbance of the sample plug flow. On the other hand, reagent release behavior inside the RRC is governed by both convective and diffusive mass transport, which leads to a faster mixing time of the sample with reagents immobilized inside the RRC compared to that expected from the simple diffusion alone. capillaries with outer dimension of 300 μm onto the PDMS lattice microchannel having the same dimension (Fig. 1) . 10 Our group have demonstrated various applications of CAs-CHIP in terms of multiple chemical and biochemical function integration like simultaneous multi-ion and enzymatic sensing, 11 valving and enzyme-activity sensing, 12 multi-ion sensing, 13 microchipelectrophoresis with protein pretreatment element, 14 ELISArelated technique, 15, 16 and electrochemical glucose sensing. 17 In addition, the "drop-and-sip" fluid handling technique operates by dropping a few microliters of sample solution on the inlet hole of the CAs-CHIP; then a negative pressure was applied on the opposite hole (outlet hole) using either a syringe pump or a micropipette. A long sample plug advanced into the PDMS microchannel while concurrently introducing sample solution into each RRC via capillary force (passive flow), as shown in Fig. 1 . Compared to those previously reported fluid handling techniques, the "drop-and-sip" fluid delivery technique offers simple and simultaneous nanoliter sample solution delivery into each sensing capillary that enables simultaneous multiplex biochemical sensing on a single microfluidic device. In this study, the active fluid flow along the main PDMS microchannel in relation to the contact time with the RRC is investigated. Also, the passive fluid flow inside the RRC that is driven by capillary force is discussed by comparing the reagent release behavior in the fluorescein-and bovine serum albuminfluorescein isothiocyanate conjugate (BSA-FITC)-immobilized capillaries with two different inner dimension of 50-and 100-μm of the square glass capillary.
Experimental

Materials and reagents
Square capillaries having 300-μm outer widths (flat to flat) and 100-or 50-μm inner widths were purchased from Polymicro (Phoenix, AZ, USA). The polyimide coating of these capillaries was removed by heating before use. Sylgard 184 silicone elastomer was purchased from Dow Corning (Midland, MI, USA). Fluorescein and bovine serum albumin were acquired from TCI (Tokyo, Japan). Fluorescein isothiocyanate conjugate (BSA-FITC) was acquired from Sigma (St. Louis, MO, USA). Poly(ethylene glycol) (Mn = 20000) was purchased from Wako Chemical (Osaka, Japan). All reagents were used without further purification. Distilled and deionized water used has resistivity values of more than 1.7 × 10 7 Ω cm −1 at 25˚C.
Characterization of the reagent-release capillary
Initially, the reagent-release capillary was prepared by introducing various solution cocktails containing polyethylene glycol (PEG)-methanol mixtures (400 mg PEG in 2 mL methanol) as solvent, with fluorescein (1 mg in 1 mL PEGmethanol) and BSA-FITC (6 mg in 1 mL PEG-methanol) as reagents.
Each reagent cocktail solution was separately introduced to two different square glass capillaries (50-and 100-μm inner dimension) with the aid of a syringe pump having an infusion flow rate and a withdrawal flow rate of 20 and 30 μL min −1 , respectively. These capillaries were stored overnight (approximately 10 h) in a desiccator cabinet with 500-nm UV cut-off.
The reagent-release behavior was characterized by comparing the reagent release time of the fluorescein-and BSA-FITCimmobilized capillary using the optical/fluorescence inverted microscope with 10× magnification. Using a micropipette, the phosphate buffer solution (pH 8) was introduced into the RRC via capillary force by exposing one end of the RRC to the micro-droplet from the micropipette tip.
Fabrication of capillary-assembled microchip (CAs-CHIP)
The material used for the fabrication of CAs-CHIP is PDMS containing the lattice microchannel and square capillary bearing the immobilized reagent inside the capillary. The fabrication procedure of the lattice microchannel on a PDMS plate has already been reported elsewhere. 10 Briefly, a glass mold with a lattice structure was prepared by cutting a 300-mm depth with a 1-mm pitch using a dicing saw possessing an edge of 300-μm width. Then, conventional PDMS molding processes with a glass mold were carried out to prepare a PDMS mold. The second molding process by this PDMS mold gave the lattice microchannel network on the second PDMS plate. Meanwhile, different square glass capillaries were embedded on the PDMS plate microchannel. Plugged capillaries were prepared by introduction of PDMS pre-polymer into the square capillaries and were cured at 70˚C for more than 5 h. These plugged capillaries were cut and used for preparing the designed channel network. Moreover, the reagent-release capillary (RRC) that acts as a sensing unit of CAs-CHIP was prepared according to the previous report. 11 After embedding all the capillaries, we bonded a PDMS cover on top. A spin-coated PDMS prepolymer on an acrylic plate (ca. 2 mm thick) bearing the 0.8-mm holes (see Fig. 1 ) was used as a cover plate. It was spin coated at 7000 rpm, and then adhered to the capillary-embedded PDMS plate before curing for 2 h at 70˚C.
Characterization of "drop-and-sip" technique
A syringe pump (kd Scientific-210, Holliston, MA, USA) with a micro syringe (ITO-MS-GLLX00, Shizuoka, Japan) was initially used to optimize this fluid handling technique in terms of contact time and reagent diffusion. The pump flow rate was varied: 5000, 10000, 15000 and 20000 μL min −1 . Then, a 100- and 10-μL Eppendorf micropipette (Hamburg, Germany) using yellow and gray tips, respectively, were used as pumps. We looked at the effect of changing the volume setting: 5, 20, 50 μL. The rough estimate for the rate of release of the micropipette plunger is approximately 1 mm s −1 . It is important that the rate of release is not sudden since the sample delivery will fail.
Optical detection and data processing
Optical and fluorescence images of the CAs-CHIP system were obtained using an optical/fluorescence-inverted microscope (Keyence Multi-Viewer System VB-S20, Japan). Fluorescent images were collected using a 120-W mercury lamp as a light source and a filter pair (fluorescein monitoring: excitation filter at 470/40 nm, emission filter at 510 nm) (VB-L11, Keyence). On the other hand, observation of the sample solution that entered the RRC was performed using a different optical/ fluorescence inverted microscope (Eclipse TS100-F Nikon, Tokyo, Japan) through a 3CCD color camera (HV-D28S, Hitachi Kokusai Electric Inc., Tokyo, Japan) with a 50-W mercury lamp light source and a filter block (FITC filter (excitation filter: 450 -490 nm and emission filter: 520 mn; Nikon, Tokyo, Japan).
Results and Discussion
Optimization of "drop-and-sip" fluid handling technique in RRC-based CAs-CHIP
As described above, the "drop-and-sip" technique is based on the active flow of the sample plug in the main PDMS channel and the passive flow of the portion of the sample solution in the RRC. In this case, controlling the contact time of the sample plug at the inlet of the RRC is very important to obtain successful sample introduction into each RRCs. As described in the previous report, 11 capillary filling time required for ca. 2 mm RRC is calculated to be ca. 0.008 s; thus, the time required for complete filling of the RRC is quite short. Indeed, a longer contact time results in the leakage of the reagents released from the capillary wall into the sample plug in the PDMS channel. Furthermore, since the flowing sample plug in PDMS channel experiences both the slip flow due to the hydrophobicity of the PDMS channel and the drag flow due to the affinity of the aqueous fluid solution with the hydrophilic glass capillary end, theoretical prediction of the optimal sipping condition for successful sample delivery into each RRCs is generally difficult. Therefore, here we experimentally investigated the actual contact time for successful capillary filling by using a syringe pump and a micropipette as suction pumps. Initially, the syringe pump was utilized to observe the effect of varying the flow rate and sample loading on the contact time. In this experiment, we connected the outlet hole of the CAs-CHIP to a syringe pump and observed the effect of pump flow rate on the contact time and the stability of the fluid flow. By using a CCD camera, the contact time is obtained by recording the times when the head and tail of the sample plug reach the detection point. Here, the CAs-CHIP design embedding four pairs of bare square capillaries (totally eight capillaries: similar design to Fig. 2 ) and 2 μL fluorescein solution was used. The obtained results clearly showed that, with an increase in syringe pump flow rate: 5, 10, 15 and 20 mL min −1 , there was a corresponding decrease in contact time: approximately 2.4, 1.5, 1.0 and 0.9 s, respectively, when a 2 μL sample solution was used (data not shown). The syringe pump can only have 21 mL min −1 maximum setting; thus, we were unable to observe the flow above this flow rate. Below 5 mL min −1 , we observed that the sample plug flow stopped in the microchannel, implying that the initial acceleration of the plug was not enough to make it through the main PDMS microchannel.
The contact times between 0.9 -2.4 s (flow rate: 20 -5 mL min −1 ) allowed successful introductions of sample into the RRCs for a 2 μL sample solution drop. Using the fastest pump flow rate (20 mL min −1 ), we also investigated the effect of sample drop volume. In this case, the successful sample loading volumes of 1, 2, 3 and 4 μL registered an apparent increase in contact time of approximately 0.6, 1.0, 1.6 and 1.8 s, respectively. Therefore, in our experimental conditions for the flow rate and sample loading experiment, ca. 0.6 -2.4 s of contact time allowed a successful introduction of sample solution into each RRC. The video of the sample introduction into each RRCs inside the CAs-CHIP was demonstrated in the Supporting Information of the previous report. 11 The results of the successful fluid handling and transport using the syringe pump led us to the use of a simple 100-μL micropipette as a convenient suction pump. The micropipette was simply directed on the 0.8-mm outlet hole and the plunger was released with regulation, approximately 1 mm s −1 , while a different volume setting was used to sip the fluid from the inlet hole. Here, we used a fluorescein solution to observe the fluid flow behavior. As shown in Fig. 2 , the volume setting of 5 μL resulted to a stop flow in the main PDMS channel, since the applied pressure was not enough to complete the sample plug passage. Meanwhile, the higher setting of 50 μL yielded a very fast fluid flow that is affected by the heterogeneity of the surfaces. In this case, part of the sample solution still remained in the main microchannel in between the two hydrophilic glass capillaries. In both cases, the reagent diffusion from the capillary inner wall into the sample solution plug may occur in the main channel and unsuccessful capillary filling is inevitable. On the contrary, the volume setting of 20 μL delivered an excellent fluid flow with successful fluid transport into each sensing capillary (Fig. 2) . A microliter sample solution droplet produced a contact time of about 0.7 s, which was short enough to prevent reagent diffusion into the sample plug in the PDMS channel. This contact time of 0.7 s was consistent with that obtained using the syringe pump for successful capillary filling. The negative pressure generated by the micropipette seems to be well tolerated by the RRC-based CAs-CHIP, which led to a successful fluid delivery at nanoliter level into each RRCs.
Reagent release behavior in the RRC
To clearly demonstrate the "drop-and-sip" technique, Fig. 3 allows a vivid demonstration when the sample plug is in contact with the RRC. Here, the phosphate buffer solution, pH 8, entered the fluorescein-immobilized capillary via capillary force, yielding a green fluorescent diffusion from the sidewall of the glass capillary. However, the reagent release behavior inside the RRC is difficult to ascertain with flourescein as the only basis of investigation. Therefore, the reagent release behavior was further examined by comparing the immobilized fluorescein and BSA-FITC in two different square glass capillary inner dimensions (50-and 100-μm). In Fig. 4 , the reagent released from the RRCs in both 50-and 100-μm capillaries showed similar behavior, i.e., the RRC containing the BSA-FITC had a slower diffusion compared to fluorescein. This expected result is attributed to the significant difference in molecular weight of fluorescein (332 Da) and BSA-FITC (~68000 Da). Meanwhile, the reagent solubilization and transport inside the capillary took about 1.5 s for the RRC containing fluorescein in a 100-μm capillary to completely achieve a uniform fluorescence all throughout the capillary (Fig. 4) . Ideally, in a stop flow mode inside an RRC, the reagent transport into the sample solution should be almost exclusively diffusive, i.e. the molecular transport is mainly due to random thermal motions of molecule within a system. In this case, the Einstein equation: x 2 = 2Dt is applicable, where x is the displacement in x direction, D is the diffusion coefficient (4.9 × 10 −6 cm 2 s −1 for fluorescein) and t is the diffusion time. 1 Given that the uniform response of the RRC containing fluorescein in 100-μm capillary was achieved in about 1.5 s, the calculated displacement distance from the square glass capillary inner wall is approximately 40 μm. This value is less than the capillary channel half-width of 50 μm. This means that the mass transport inside the RRC is not purely diffusive. In general, the flow inside the microchannel is laminar and, as a consequence, the mass transport of reagent is governed by convection and diffusion. Figure 4 clearly depicts the mass transport behavior inside the RRC for different molecular weight reagents and different inner dimensions of the capillary. It is apparent that the initial fluid flow inside the capillary expedited the solubilization of the PEG-fluorescein mixture inside the RRC by the convective flow that occurred at the PEG layer-sample solution interface (flowing solution front) during the sample introduction into the RRC. Upon sample introduction, swelling of the immobilized PEG-reagent, which signifies solubilization, can be observed and this is most likely due to mass transport by convection as shown in Fig. 4 with the reagent release time of about 0.25 s. Also, at this time, the RRC is fully filled with sample solution. In particular, the 100-μm RRC containing the BSA-FITC excellently depicts the reagent release behavior in the RRC. Since the molecular diffusion of BSA-FITC is relatively slow, the convection and diffusion mass transport phenomenon is easily observable. By measuring the reagent release from the wall of the capillary as depicted in Fig.  4 with about 0.25 s reagent release time, the mass transport distance due to convection for both fluorescein and BSA-FITC are approximately 11 and 9 μm for the 50-μm (half-width of 25 μm), and 17 and 15 μm for the 100-μm (half-width of 50 μm) inner dimension capillary, respectively. This signifies that the convection mass transport inside the RRC is not predominantly dependent on the molecular weight of the reagent immobilized inside the RRC, since the mass transport distances between fluorescein and BSA-FITC are quite similar. The diffusion in all the RRCs occurred after 0.25 s. The pictures from 0.5 and 1.5 s of Fig. 4 showed the diffusion behavior inside the RRC. Interestingly, the contribution of convective mass transport for 50-μm capillary, relative to its half-width, is about 40%; this value is higher than that of the 100-μm capillary: approximately 32%. This result can be explained as due to the difference in the capillary pressure experienced by each capillary, with the 50-μm inner width experiencing, most likely, the higher capillary pressure. This resulted in the difference in the total reagent release time between reagents as shown in Fig. 5 . The reagent release is much faster in the 50-μm capillary compared to the 100-μm, possibly because the contribution of convection over diffusion is greater in the 50-μm capillary plus the fact that the diffusion distance is shorter. Thus, if the molecular weight of the immobilized reagent is high and the contribution of diffusion is much higher than that of convection, the total reagent release time is much longer, as depicted by the BSA-FITC immobilized in 100-μm capillary (Fig. 5) . Overall, the reagent release behavior inside the RRC is governed by both convective and diffusive mass transport that facilitates fast reagent mixing inside the RRC.
These results open a whole new possibility of multiple metabolite sensing on a single CAs-CHIP by preparing a protein release capillary.
Conclusions
We have presented the optimization of the "drop-and-sip" fluid handling technique implemented on an RRC-based CAs-CHIP. Such a technique allows a microliter droplet to be distributed into the different RRCs in nanoliter volume. Under our experimental conditions, ca. 0.6 -2.4 s of sample plug-RRC contact time allowed the successful sample introduction into RRC by capillary force without any reagent leakage or disturbance of the sample plug flow. On the other hand, both convective and diffusive forces facilitate the reagent transport activity inside a RRC, with mass transport by convection not predominantly affected by the molecular weight of the immobilized molecule. These findings are very meaningful for the metabolite sensing by utilizing high-molecular weight reagents such as enzymes or antibodies immobilized inside a smaller dimension square glass capillary. In general, the technique is easy to execute and does not require a highly skilled person to perform such tasks. This approach is highly feasible for the simultaneous multiple sample and analyte sensing on a single microfluidic device, which can be of great use in the fields of clinical diagnostics and drug screenings. 
